Cyanobacteria (blue-green algae) produce toxins that may present a hazard for drinking water safety. These toxins (microcystins, nodularins, saxitoxins, anatoxin-a, anatoxin-a(s), cylindrospermopsin) are structurally diverse and their effects range from liver damage, including liver cancer, to neurotoxicity. The occurrence of cyanobacteria and their toxins in water bodies used for the production of drinking water poses a technical challenge for water utility managers. With respect to their removal in water treatment procedures, of the more than 60 microcystin congeners, microcystin-LR (L, L-leucine; R, L-arginine) is the best studied cyanobacterial toxin, whereas information for the other toxins is largely lacking. In response to the growing concern about nonlethal acute and chronic effects of microcystins, the World Health Organization has recently set a new provisional guideline value for microcystin-LR of 1.0 pg/L drinking water. This will lead to further efforts by water suppliers to develop effective treatment procedures to remove these toxins. Of the water treatment procedures discussed in this review, chlorination, possibly micro-/ultrafiltration, but especially ozonation are the most effective in destroying cyanobacteria and in removing microcystins. However, these treatments may not be sufficient during bloom situations or when a high organic load is present, and toxin levels should therefore be monitored during the water treatment process. In order to perform an adequate human risk assessment of microcystin exposure via drinking water, the issue of water treatment byproducts will have to be addressed in the future.
Toxic blue-green algae in water used as drinking water or for recreational purposes poses a hazard to humans but has long been neglected or at most been treated on a local level. Scums of blue-green algae or cyanobacteria accumulating along the shores of ponds and lakes also present a hazard to wild and domestic animals. Providing the human population with safe drinking water is one of the most important issues in public health and will gain more importance in the coming millennium. Reports of toxic blooms and poisonings of humans and cattle range from the first report of a toxic Nodularia bloom in Lake Alexandrina, Australia, in 1878 (1), to a high incidence of primary liver cancer (PLC) in China attributed to cyanobacterial toxincontaminated drinking water (2) (3) (4) , to the recent tragic deaths of 60 dialysis patients in Caruaru, Brazil, in 1996 due to the presence of cyanobacterial toxins in the water supply used in a hemodialysis unit (5, 6) . The presence of cyanobacterial toxins in drinking water supplies poses a serious problem to water treatment facilities, since not all technical procedures are able to effectively remove these toxins to below acceptable levels. Despite this, it is highly unlikely that lethal poisonings would occur following consumption of drinking water contaminated with cyanobacterial toxins. Of much higher concern are low-level chronic exposures, since the risks associated with long-term exposure have not been adequately described. Drinking water suppliers are nevertheless confronted with a variety of questions ranging from what levels actually occur in the drinking water sources to the current state of knowledge about acute and chronic effects and effective water treatment technologies in removing toxins (7) . This review addresses these issues.
Cyanobacteria Morphology and Taxonomy
Cyanobacteria are an ancient group of organisms whose habitats range from hot springs to temporarily frozen ponds in Antarctica (8) . They occur both in freshwater and in marine environments. Cyanobacteria, like eubacteria, lack a nucleus, whereas in contrast to their closest relatives, the purple and the green sulfur bacteria, they produce oxygen (9) . According to the current taxonomy, 150 genera with about 2,000 species, at least 40 of which are known to be toxicogenic, have been identified (10) . Cyanobacteria grow as single cells, as single cells in colonies, or as single cells in filaments, whereas some filamentous genera contain special nitrogen-fixing heterocysts. Cells growing in colonies may be packed in a mucilaginous sheath like Microcystis sp. or, in the case of filamentous species, grow as floating mats or as free-floating strands. Many cyanobacterial species possess gas vacuoles that allow them to regulate their position in the water column and give them a distinct ecologic advantage over other planktonic species.
Bloom Formation
Prevention of bloom formation is the most efficient method for avoiding cyanobacterial toxin contamination of drinking water. Unfortunately the factors leading to cyanobacterial bloom development (cell numbers > 106/L), whether of toxic or nontoxic species, have not been satisfactorily identified. Factors such as nitrogen, phosphorus, temperature, light, micronutrients (iron, molybdenum), pH and alkalinity, buoyancy, hydrologic and meteorologic conditions, and the morphology of the impoundment have all been implicated [for a discussion see Chorus and Bartram (11) ]. More importantly, factors influencing toxin production have not been conclusively elucidated (12) . Although these factors can be considered closely related to bloom formation, cell numbers and toxin levels are usually not closely related. Furthermore, few generalizations can be made from the few laboratory studies that have been conducted to date (7, (13) (14) (15) (16) (23) . The ability of a cyanobacterial strain to produce toxins may thus depend primarily on the possession of these genes and on their expression under certain environmental conditions. With the emergence of a molecular genetics-based taxonomy of cyanobacteria together with the development of polymerase chain reaction primers and DNA probes specific for toxic strains of cyanobacteria, these toxin-producing strains may be identified more rapidly in the future (24) (25) (26) .
Structure and uptake. These cyclic peptides ( Figure 1) 
Cylindrospermopsin
Cylindrospermopsin (Figure 1 ) is a structurally distinct toxin that has been found in tropical and subtropical waters of Australia, where it causes problems in water supplies (35) . This alkaloid cyto-and hepatotoxin is produced mainly by Cylindrospermopsis raciborskii but also by Aph. ovalisporum and Umezakia natans. Neurotoxins The neurotoxins ( Figure 2 ) described in cyanobacteria can be classified into three distinct groups: a) anatoxin-a and homoanatoxin-a; b) anatoxin-a(s), which is structurally not related to anatoxin; and c) saxitoxins or paralytic shellfish poisons (PSPs). Anatoxin-a has been described in A. flos-aquae and other Anabaena spp., Planktothrix sp. (Oscillatoria sp.), Aphanizomenon sp., Cylindrospermum sp. and in small amounts even in Microcystis sp. (33, 36, 37) . Anatoxin-a exerts its neurotoxic effect by mimicking acetylcholine with an LD50 of 200-250 pg/kg bw (36) . Anatoxina(s) is the only naturally occurring organophosphate and has been isolated from A. flos-aquae and A. lemmermannii (38) . It is a highly toxic compound with an LD50 of 20 pg/kg bw (mouse ip) (39 Table  2 ). Most commonly, deaths of farm animals drinking scums of cyanobacterially contaminated ponds or poisonings of dogs swimming in cyanobacterial scum have been described (7) . Fish kills have been reported in conjunction with cyanobacterial blooms and have often resulted in significant economic losses (43) (44) (45) (46) (47) . The liver is the major target organ for microcystin toxicity; it was shown to accumulate 20-70% of a radioactively labeled toxin dose (intravenous) (48) (49) (50) (51) (52) (53) (54) . Studies in mice and pigs exposed to extracts of a toxic M. aeruginosa bloom demonstrated dosedependent toxicity (55, 56) . Increased mortality, liver weight, and plasma alanine aminotransferase levels were associated with loss of body weight. Neither other organ systems nor lactate dehydrogenase levels were affected. Death of the organism through intrahepatic hemorrhage and shock is rapid, occurring within about 3 hr in the case of mice. Pathologic and ultrastructural features commonly observed in the liver are centrilobular hepatic necrosis, destruction of sinusoidal endothelium, disruption of bile canalicular function, intrahepatic hemorrhage, loss of microvilli and bleb formation in hepatocytes, and hepatocyte necrosis (29, (57) (58) (59) (60) (61) (62) (63) (64) . In the case of microcystins it has been suggested that covalent binding to cysteine-273 and cysteine-266 on PPI and PP2A, respectively, is responsible for this effect (65, 66) . PP1 and PP2A dephosphorylate phosphoseryl or phosphothreonyl proteins and their inhibition leads to hyperphosphorylation of cytoskeletal proteins resulting in the deformation of hepatocytes (28, (67) (68) (69) (70) (71) . It is not clear, however, if the covalent binding of the toxin to PP1 or PP2A is in fact responsible for the inactivation, since inactivation precedes covalent modification and nodularin does not bind covalently (72) . Furthermore, it has been suggested that the Adda side chain and possibly the planar ring portion of the peptide are responsible for both recognizing and inhibiting protein phosphatases (73, 74 (80, 82) . In addition, mutations in the K-ras codon 12 in the RSa cell line (83) and DNA fragmentations have been reported after ip injection of cyanobacterial extract or microcystin-LR in mice (84, 85) . These in vitro and (5, 6) . The water used in the dialysis unit, taken from Tabocas Reservoir, was normally sedimented with alum, filtered, and chlorinated in the municipal water treatment plant prior to being supplied by truck to the clinic. At the dialysis unit, the water was further purified by passing through sand, charcoal, and an ion-exchange resin, and finally by micropore filtration. During the 1996 summer drought, the dialysis center received water from the municipal plant that was only treated with alum, but not filtered or chlorinated. There are conflicting reports as to whether the water was chlorinated in the trucks prior to delivery to the clinic. Furthermore, the charcoal, sand, and micropore filters at the clinic had not been changed in the 3 months prior to this episode, even though the water received from the trucks had been visibly turbid. In February 1996, the majority (85%) of the hemodialysis patients developed a toxic illness of varying severity, with a wide range of neurologic symptoms as well as acute liver injury. Up to 23 patients died in the first 2 weeks of this episode with either neurologic symptoms or from liver failure. About 37 more patients died in the following 5 weeks either directly from hepatotoxic effects or from complications such as sepsis, gastrointestinal bleeding, or cardiovascular effects. The patients displayed cholestatic jaundice with high bilirubin and alkaline phosphatase concentrations, and increases in hepatic enzymes (aspartate and alanine aminotransferase). Liver pathology showed the presence of an acute novel toxic hepatitis similar to that seen in animals exposed to microcystins (6) . Histopathology showed panlobular hepatocyte necrosis, together with cell-plate disruption and apoptosis. However, in contrast to animal models of microcystin intoxication, no intrahepatic hemorrhage could be observed. After initial uncertainties as to the causative agents of these fatal intoxications, microcystin concentrations were determined in serum and in liver tissue as well as in the water filtration columns. The latter contained intact and fragmented cyanobacterial cells as well as microcystin-LR. Levels in serum ranged from 1 to 10 ng/mL; concentrations in the liver were as high as 0.6 mg/kg tissue. Toxin congeners were reported to be microcystin-YR, microcystin-LR, and microcystin-AR (A, L-alanine). At the time of the outbreak, cyanobacterial counts had not been made in the reservoir, but in March 1996, it was found that the most common cyanobacterial genera present were Aphanizomenon, Oscillatoria, and Spirulina.
Chronic exposure. When considering the chronic effects of long-term exposure to microcystins in drinking water, one has to take into account the high incidences of PLC in regions of China where pond and ditch water are used as drinking water supplies. In Haimen and Qidong (Jiangsu Province), pond and ditch water used as drinking water showed average microcystin concentrations of 160 pg/mL (60% of the samples analyzed were positive), whereas microcystins could not be detected in well water (2) (3) (4) (93) . Because conventional water treatment usually involves a combination of these methods, most of the research has focused on the effect of coagulation/flocculation in combination with other measures. In one of the earliest studies, toxins isolated from algal material were subjected to a) activated carbon filtration; b) prechlorination, flocculation with FeCI3, sedimentation, sand filtration, and activated carbon filtration; and c) lime pretreatment, flocculation with FeCl3, chlorination, and activated carbon filtration (94) . The toxicity of these samples was then tested in the mouse bioassay. Chlorination, flocculation, or sand filtration were unable to destroy the toxins; only the last step, powdered activated carbon (PAC) at a ratio of 1:10 to 1:100 (toxin:activated carbon), removed a toxin concentration of 3 pg/mL to below toxic levels. Studies using 50 mg lyophilized cyanobacteria also show that conventional flocculation, filtration, and chlorination are not efficient in destroying the toxins: high performance liquid chromatography (HPLC) analysis shows a toxin reduction of up to only 34% (95, 96) . Only the inclusion of a treatment step with activated carbon resulted in 100% removal of the toxins from water. On the basis of the results of these laboratory studies, Lahti and Hiisvirta (97) conducted pilot-scale experiments to study the feasibility of predicting the behavior of cyanobacterial toxins in water treatment practice. Both fresh and freeze-dried cyanobacteria were subjected to the following processes: a) flocculation with A12(S04) plus sedimentation plus filtration, and b) PAC plus flocculation with A12(S04) plus sedimentation plus filtration. Toxicity was measured using the mouse bioassay and HPLC. As was to be expected from the laboratory scale studies, only the inclusion of PAC significantly reduced toxicity. Activated carbon is, however, not always a very efficient method. A study aimed at the removal of cyanobacterial cells with rapid sand filtration and activated carbon found a reduction of cyanobacteria of only 42% (98) . More detailed studies with activated carbon show that both PAC as well as granular-activated carbon (GAC) effectively and quickly (contact times of 30 min are sufficient) eliminate cyanotoxins from water (99) (100) (101) . In the case of PAC, dosing is an important parameter (10 pg/L toxin: > 200 mg/PAC/L), whereas when using GAC, the choice of the carbon source is important (coal, wood > peat, coconut), probably due to the different pore sizes relative to the size of the microcystin molecule (102) . A major concern when using activated carbon in water treatment plants is the formation of a biofilm, which can significantly impair the ability of the filter to adsorb toxins; biodegradation by the biofilm does not seem to occur (99, 103, 104) . Furthermore, below concentrations of 0.15 pg microcystin-LR/L, very little microcystin will be removed by activated carbon in the presence of a biofilm or natural organic matter (103) . This finding has consequences for the risk assessment of a chronic exposure to low microcystin concentrations.
Rapid Filtration and Slow Sand Filtraion
The performance of rapid filtration, a method usually employed after coagulation to remove the floc, does not effectively remove cyanobacterial cells (98, 105) . Conventional water treatment requires regular backwashing of the filters, but if this washing process is performed inadequately, lysis of cyanobacterial cells on the filters can lead to release of toxins into the water (11, 106) . Furthermore, sand filtration alone does not lead to substantial reduction of toxicity (99) , and blocking caused by overloading should be avoided (11) .
Chlorinatinon
In general, chlorination is not an effective process in destroying cyanotoxins (94) (95) (96) 107) . The efficiency of chlorination seems to depend largely on the chloride compounds and the concentration used. Aqueous chlorine and calcium hypochlorite at . 1 mg/L remove more than 95% of microcystins or nodularin, while sodium hypochlorite at the same dose or chloramine achieve 40-80% removal at most (91, 108, 109) . A chlorine residual of at least 0.5 mg/L should be present after 30 min contact time in order to destroy cyclic peptides completely (110) . It should be noted, however, that even when acute toxicity, as measured by the mouse bioassay, was removed by this process, progressive liver damage could still be detected in the animals. This subacute toxicity may be due to incomplete toxin removal or to the formation of chlorination byproducts, which have been implicated in toxicity (111) . Anatoxin-a or saxitoxins could neither be destroyed with chlorine doses exceeding a 30-min chlorine demand nor by changes in pH (107, 108) . Cylindrospermopsin, on the other hand, was effectively oxidized by 4 mg/L chlorine at pH 7.2-7.4 (toxin concentration 20-24 pg/L) (108).
Light
Microcystins are very stable under natural sunlight (112), whereas ultraviolet (UV) light around the absorption maxima of microcystin-LR and microcystin-RR rapidly decomposed the toxins (113) . A photocatalytic process using a TiO2 catalyst and UV radiation also quickly decomposed microcystin-LR, -YR, and .YA with half-lives of < 5 min (114) . The efficiency of this process was largely dependent on the organic load of the water (114 (Table 3) .
In one of the earliest studies looking at the effect of ozone on cyanotoxins, researchers at the British Foundation for Water Research ozonated microcystin-LR purified from M. aeruginosa and assessed toxicity using a mouse bioassay (90, 119) . After ozonation, the toxicity of the cyanotoxin is reduced, which could be shown by a prolongation of mouse survival time, but the results cannot be quantified since the authors omitted to detail ozone or toxin concentrations. HPLC and fast atom bombardment-mass spectrometry analysis also show a reduction in the microcystin peak after a 2-sec ozonation. Interestingly, several new peaks appeared but were not tested separately for toxicity. This very fast destruction of microcystin was corroborated in Australian studies quantifying the effect of ozone on different microcystin-LR concentrations (91, 108, 120) and in our own work (121) .
These studies showed that up to 800 pg/L microcystin-LR can be oxidized to below the HPLC detection limit by < 0.2 mg/L ozone within seconds to minutes. The reaction of ozone with nodularin also occurs very rapidly:
when reacting 88 pg/L nodularin with 0.05 mg/03, there was zero toxin recovery after 15 sec (120) . With these studies it was also demonstrated that the removal of microcystins is proportional to the ozone dose when the microcystin concentration is below the ozone demand (91) . Complete removal of microcystin is achieved and an ozone residual is detected when the ozone demand of the water has been met.
Cyanobacterial extracts and cells and organic load. Obviously, a more realistic way to test the efficiency of ozonation would be to use either cyanobacterial extracts or whole cells (Table 4) . Oxidation reactions of ozone with cyanobacterial toxins are always in competition with other organic compounds in the water. As a result, naturally occurring organic matter is one of the most important factors to consider in terms of toxin dynamics. In a study designed to model continuous operation, ozone doses from 1 to 10 mg/L were tested over 5-10 min for their ability to degrade 10 pg/L microcystin added to different water sources (101) . Two milligrams per liter ozone added to raw water leads to a 60% removal of microcystin, whereas the same dose added to treated water removes toxins by 98%. A similar ozone demand was measured in a study; 500 pg/L microcystin-LR was oxidized with 0.2 mg/L 03 over 4 min in organic-free water (122) . The author calculated an ozone demand of 0.6 mg/L with almost complete microcystin removal. However, only 50% of the same microcystin concentration was removed when filtered Seine River (France) water was oxidized with 0.5 mg/L 03 over 10 min. This led to a much higher ozone demand of 1.6 mg/L. Our own results show that cyanobacterial extracts (M aeruginosa or P. rubescens) containing 50-100 ,ug/L microcystin-LR-equivalents need to be oxidized with at least 1.0 mg 03/L to effectively destroy the toxins present, whereas ozone residuals were undetectable after 10 min (106). These results show that ozone consumption by natural organic matter still occurs at the preozonation stage. During postozonation, 1 mg/L 03 removed 38% of the microcystin, whereas > 2 mg/L 03 removed toxin related toxicity below the limit of detection. The importance of organic load and ozone concentration was also demonstrated in Australian studies: cyanobacterial extracts containing 135-220 pg/L microcystin-LR required 1.0 mg/L ozone over 5 min for complete toxin destruction (108, 120) . After this treatment, the ozone residual was zero, reflecting the higher organic load and resultant high ozone demand. The critical importance of ozone dose, especially with respect to the organic load of the water, was also shown in several Finnish studies (95) (96) (97) . Fresh and freezedried natural bloom material (M aeruginosa, M. wesenbergii, M. viridis) from a Finnish lake (LD50 60-75 mg/kg bw, mouse ip) as (120) .
Anatoxin-a, anatoxin-a(s), and saxitoxins. The efficiency of oxidation with ozone with respect to anatoxin-a, anatoxin-a(s), or the saxitoxins (PSPs) has not been well characterized (95, 97 (124) . Such oxidation products were found by HPLC when cyanobacteria were preozonated. Their toxicity was, however, not investigated (97) . Our work points to ozonation products that still exhibit phosphatase inhibitory activity, but their structure has not yet been determined (121) . An indication of the effect of ozone on microcystins stems from chemical characterization studies, since ozonolysis has been widely employed for structural characterization of organic compounds by cleavage of carbon-carbon double bonds (125, 126) . In the case of microcystins and nodularin, ozonolysis has been applied in the determination of the absolute configurations of the Adda moiety (126) . It has been described that the double bond between C-6 and C-7 of the Adda side chain is easily cleaved by ozone to give 3-methoxy-2-methyl-4-phenylbutyric acid. In order to realistically assess the consequences of ozonation on cyanobacterial toxins, the ozonation byproducts have to be identified and their toxicity tested not only in acute tests but also in subacute tests such as the phosphatase inhibition assay as well as in chronic situations.
Risk Assessment
The health risk posed by exposure to cyanotoxins is difficult to quantify, since the actual exposure and resulting effects have still not been conclusively determined, especially for the human situation. The most likely route for human exposure is the oral route via drinking water (127, 128) , recreational use of lakes and rivers (129) , or consumption of algal health food tablets (130) . The dermal route may play a role during the recreational use of water bodies (swimming, canoeing, etc.) (127, 128) .
Due to the growing concern about health effects of cyanotoxins, especially via drinking water, the World Health Organization (WHO) has adopted a provisional guideline value for microcystin-LR of 1.0 jig/L in 1998 (131) . This guideline value is based on a tolerable daily intake (TDI) value derived from two animal studies (56, 132) . The first study is a 13-week mouse oral study that determined a no-observable adverse effect level (NOAEL) of 40 jg/kg bw per day based on serum enzyme levels and liver histopathology (132) . Applying a total uncertainty factor of 1,000 (10 for intra-and interspecies variability, respectively, and 10 for limitations in the database, especially lack of data on chronic toxicity and carcinogenicity), a provisional TDI of 0.04 pg/kg bw per day has been derived for microcystin-LR. This TDI was supported by a 44-day pig oral study that determined a lowest observable adverse effect level (LOAEL) of 100 jig microcystin-LR equivalents/kg bw per day (56) . In this study, the cyanobacterial material fed to the pigs contained several microcystin congeners, but only microcystin-YR was tentatively identified. To this LOAEL a total uncertainty factor of 1,500 was applied (10 for intraspecies variability, 3 for interspecies variability, 5 for extrapolating from a LOAEL to a NOAEL, and 10 for the less-than-lifetime exposure). This microcystins. This provisional guideline value is applicable only for microcystin-LR, since the database for other microcystin congeners or even other cyanotoxins such as the saxitoxins is too small to derive a TDI. Health Canada is applying an uncertainty factor of 3,000 to the NOAEL of 40 pg/kg bw per day from the 13-week mouse study by adding a factor of 3 for evidence of tumor promotion and weak evidence of a potential for carcinogenicity in humans (133) 
